We have investigated the eects of interface structures on the magnetic properties of the Co/InP hybrid system by using in situ surface magneto-optical Kerr eects (SMOKE), scanning tunneling microscopy (STM) and Auger electron spectroscopy (AES). InP(001) substrates with dierent surface characteristics were prepared by using cycles of ion bombardment and annealing (IBA) method while varying the annealing temperature from 400 C to 450 C. The Co lm begins to show a ferromagnetic hysteresis loop at a thickness of 2 nm of Co on the InP surface prepared at 400 C. However, the Co lm deposited on the InP surface prepared at 450 C shows no ferromagnetic signal up to a Co thickness of 16 nm. We observed from STM results that In droplets were produced when the InP substrate was annealed at temperatures higher than 400 C during the IBA processes. The AES depth prole shows that interdiusion between Co and In increases as the density of In droplets increases. These In droplets strongly interact with Co atoms and play a crucial role in the onset thickness for ferromagnetism in Co lms.
I. INTRODUCTION
Ferromagnetic metal/semiconductor (FM/SC) heterostructures have attracted great interest because their novel structural and magnetic properties provide fundamental studies in magnetism and oer possibilities for spintronic applications [1{5] . In FM/SC systems, it is signicant to understand the physical and the chemical properties of the interface regions between the ferromagnetic metal and the semiconductor because these properties play critical roles in determining the characteristics of spintronic devices, such as the eciency of spin injection through a FM/SC interface. One of the crucial issues in the FM/SC system is whether the magnetic properties of FM depend on the characteristics of the FM/SC interface or not. Recently, we have reported that a Co lm grown on an atomically-at InP(2¢4) reconstructed surface shows ferromagnetic signals when the Co lm's thickness becomes 16 A and that it has three distinguishable thickness regions that have dierent magnetic properties, depending on the Co lm's thickness [6] . However, if the eect of the interface on the magnetic properties is £ E-mail: scshin@kaist.ac.kr; Fax: +82-42-869-8167 to be investigated in detail, it is necessary to study the magnetic properties of the FM by using dierent interface structures. In the case of the InP system, several investigations have reported dierent surface reconstructed structures depend on the surface preparation method [ 7{ 12] . For example, the InP(2¢4) reconstructed structure is energetically favorable and could be obtained by using ion bombardment and annealing (IBA) processes [13, 14] . In the IBA processes, the annealing temperature is one of the most important parameter for preparing the surface structures; i.e., thermal annealing of InP surface results in thermal decomposition related to phosphorus desorption of the surface area starting in the range of 330 C to 370 C [15, 16] and metallic Indium or In droplets start to be formed at annealing temperatures between 400 C to 420 C [17] . Therefore, by introducing dierent annealing temperature in the IBA processes, one could prepare various InP surfaces which have dierent density of In droplets. In this study, we investigated the eects of the Co/InP interface characteristics on the magnetic properties of Co/InP heterostructure by using various InP(001) substrates prepared by using cycles of the IBA method and changing the annealing temperature from 400 C to 450 C. in ethanol by using an ultrasonic cleaner. The InP substrates were mounted on a molybdenum plate and then were put into the ultrahigh vacuum (UHV) chamber, which was maintained at a pressure less than 2 ¢ 10 10
Torr. Three InP substrates were identically treated with cycles of IBA, except for annealing temperature. During the IBA processes, all samples, which were sputtered by Ar + ions at the same energy of 300 eV, were annealed at dierent temperatures, 400 C, 425 C and 450 C. After cycles of the IBA processes, the InP substrates were transferred to a neighboring chamber and scanning tunneling microscopy (STM) measurements were carried out to observe surface morphology. After the STM measurements, the InP substrates were brought to the original position and Co lms were deposited on these InP surfaces from a water-cooled e-beam evaporator at a rate of 0.76 A/min. During evaporation, the chamber vacuum was maintained at a value less than 5 ¢ 10 10 Torr. The in situ longitudinal surface magneto-optical Kerr eects (SMOKE) measurements were performed at a specic Co thickness to investigate the magnetic properties of the Co lm. The details of the in situ SMOKE system are described elsewhere [18] . After the SMOKE measurements, all samples were taken out from the UHV chamber and Auger electron spectroscopy (AES) depth prole measurements were carried out to study the interdiusion between Co and InP. During the AES depth prole experiment the Ar sputtering energy and the AES electron energy were 3 keV and 5 keV, respectively.
In Figure 1 , we present the STM images of the InP(001) surfaces prepared at various annealing temperatures. Figure 1 Figure 1(a) , small islands which have widths from about 2 nm to 7 nm and have heights from 0.5 nm to 1.5 nm are visible on the InP(2¢4) surface. Generally, it is well known that the desorption of phosphorous is produced by annealing at temperatures higher than 400 C and that the quantity of In droplets are proportional to annealing temperature [17, 19] . Therefore, the clusters observed in Figure 1 (b) could be ascribed to metallic indium or In droplets produced nealed at 450 C in the IBA processes. As we expected, more In droplets, which have larger sizes than the ones seen in Figure 1(b) , could be seen on the InP surface. The widths of the In droplets ranged from several nm to several tens of nm. It is noteworthy that annealing at 450 C leads to more active desorption of phosphorous from the InP surface to several monolayers.
On the various surfaces shown in Figure 1 , we deposited Co lms and performed in situ SMOKE measurements. Figure 2 shows the longitudinal SMOKE results for Co lms on InP substrates annealed at 400 C, 425 C and 450 C. In Figure 2(a) , it is worthwhile to note that a ferromagnetic hysteresis loop with coercivity of 15 Oe starts to appear when a 2-nm Co lm is deposited. We found that not only the coercivity but also the remanence of the Co lm strongly depended on the Co thickness and that a maximum coercivity of 210 Oe was observed for the 6-nm-thick Co lm. The details of the spin reorientation transition results for the Co lm on the clean InP surface are described elsewhere [6] .
Figures 2(b) and 2(c) show SMOKE data for Co lms on InP, which were annealed at 425 C and 450 C, respectively. Note that while the ferromagnetic signal appears at a lm thickness of 16 nm for the sample annealed at 425 C sample, it doesn't appear, even at a lm thickness of 16 nm, for the sample annealed at 450 C.
These results indicate that the magnetic properties of the Co/InP system are strongly aected by the quantity of indium droplets produced by annealing at temperatures higher than 400 C in the IBA processes.
According to some investigations, P atoms move to the Co/InP interface and interact with Co atoms and the interdiusion is maintained up to a Co lm thickness of 7 A [20{22]. In our previous work, SMOKE measurements revealed that the ferromagnetic signal didn't appear until the Co thickness became 16 A for the Co lm deposited on InP annealed at 400 C in the IBA processes [6] . The origin of the nonmagnetic signal for lms thinner than 16 A might be related to interdiusion between Co and P, similarly with other investigations [20{22]. However, because such an interdiusion between Co and P is limited to a Co thickness of a few monolayers, nonmagnetic signals, which are observed at Co thicknesses of 10 nm and 16 nm in Figure 2 In order to investigate interdiusion between the Co lm and the InP substrate in detail, we performed AES depth prole measurements. Figure 3 shows the AES depth prole results for the three Co/InP samples having same Co lm thickness of 16 nm. InP substrates were treated with IBA processes with annealing temperature of 400 C, 425 C and 450 C. As we expected, Figure 3 (a) clearly shows that the Co atomic concentration is higher than the In and the P concentrations at the surface of the Co/InP sample. Interestingly, when Ar sputtering continues for about 2 minutes, an In concentration of about 20 % is observed. It might be thought that such an In concentration could be due to the migration of In atoms into the Co matrix by the interaction between Co and In. When the sputtering time exceeds about 3 minutes, atomic concentration of Co becomes lower than the In concentration and the P concentration increases considerably. We believe that this region is the Co/InP interface and that Co atoms interact with P at this region. Figure 3 formation observed in the STM measurements. Figure  3(c) shows the AES depth prole of the Co/InP sample prepared at 450 C in the IBA processes. However, in this case, the concentration of In atoms is more than that of Co even near the surface of the sample; i.e., the In droplets in large quantity in Figure 1 (c) interact with all Co atoms and nonmagnetic alloy phases of Co-In are formed over the entire region of the Co lm. This implies that In droplets strongly interact with Co atoms and plays an important role in the magnetic properties of Co lms on InP.
III. CONCLUSION
In conclusion, we have studied the eects of the properties of the Co/InP interface on the onset thickness of ferromagnetism in the Co/InP hybrid system. We prepared various InP surfaces by changing the annealing temperature from 400 C to 450 C during the IBA processes. In situ SMOKE measurements showed that the onset thickness of ferromagnetism in the Co lm strongly depended on the preparation temperature of the InP substrate. STM and AES measurements revealed that it is related to alloy formation between Co atoms and In droplets.
